ABSTRACT This paper addresses the stabilization problem of direct current (DC) microgrids through distributed controller design that employs event-based strategy to reduce data communication. The considered dc microgrid is composed of multiple-photovoltaic arrays via dc/dc buck converters. Takagi-Sugeno model is utilized to represent each nonlinear photovoltaic power subsystem. Based on a Lyapunov function with the help of Wirtinger inequality, and combined with some convexification approaches of matrix inequality, some results on designing the event-based distributed controller will be obtained in terms of linear matrix inequalities (LMIs). It will be shown that the desired controller uses fewer communication resources to guarantee stabilization of the dc microgrid and voltage tracking synchronization performance. A numerical simulation is then used to verify advantages of the proposed method.
I. INTRODUCTION
Microgrids have received increasing interest in recent years because of environmental deterioration and those shortages on traditional energy sources, such as natural gas, oil, or coal [1] . A microgrid generally consists of several renewable energy generations and storages, loads and electronics devices, and power converters are used to connect them. Compared to alternating current (AC) microgrids, direct current (DC) ones have been regarded as increasing attractiveness for numeric reasons, such as higher efficiency and better compliance with consumer devices, etc. [2] , [3] . Based on pulsewidth modulation (PWM) technique, dc-dc converters have been widely used for the control of DC microgrids. Buck, boost and buck-boost converters are three basic types for this kind of power converters. A dc-dc converter includes several nice characteristics via PWM techniques, such as high efficiency, low component count, constant frequency operation, and high conversion ratios [4] . However, such advises appear a nonlinear dynamic behavior, and thus the difficulty has arisen in control of dc-dc converters [5] .
Based on simplified linear models, some linear system methods have been developed for the control of dc-dc converters [6] , [7] . Nevertheless, many researchers have used nonlinear control for regulation purposes of the nonlinear characteristic in the kind of systems. Recently, TakagiSugeno (T-S) model-based method is introduced to deal with the intrinsic difficulties in nonlinear systems [8] - [10] . Once a smooth nonlinear system is represented by the T-S fuzzy model, two nice properties are presented: 1) Nonlinear systems can be approximated by using T-S fuzzy model at any preciseness. 2) Excessive linear control methods can be developed for control problems of the T-S fuzzy model [11] , [12] . More recently, T-S model has been developed for control of dc-dc converters, as reported in [13] and [14] .
Except intrinsic nonlinearities in dc-dc converters, large numbers and distributed in different geographical areas of interconnected renewable energy sources, could also increase many technical and operational difficulties for their control. DC microgrids using multiple-converters are represented as a class of interconnected subsystems with nonlinear dynamics. The stability of single generation system cannot guarantee the stability of overall generator systems. That is because the interconnected nature is existed in DC microgrids with several loads and generations. In other words, DC microgrids have fallen into a class of large-scale nonlinear systems, as reported in [15] and [16] . The work in [17] proposed a centralized controller to stabilize the dc power system composed of three loads. Its main drawback is that the centralized control requires a single controller using the data from all subsystems such that faster computers with larger memory to implement excessive information processing are unavoidable. Alternately, decentralized control has arisen increasing interest in large-scale systems. It uses a group of controllers, which are mutually independent, to implement the overall control task [18] . The work of [19] introduced the adaptive NN-based controller for interconnected DC distribution systems, which only used the local measurements from each converter. However, the decentralized control using only local data appears the weaker stabilizing ability, especially in largescale systems with strong interconnections. The distributed control approach, is usually preferred because the extra feedbacks with the data of other subsystems are used to strengthen the stabilizing ability and performance. Therefore, using this technique can avoid those weaknesses from both centralized and decentralized controls. Nevertheless, the extra feedbacks require communication networks among subsystems. From a practical viewpoint, using the distributed control may lead to channel jamming or data oscillation in communication networks due to limited bandwidths [20] .
Limited work has been published in the open literature for distributed control of DC microgrids to enhance grid's stability, and for the event-based control of DC microgrids to reduce data communication. These issues motivate us for the research proposed in this paper. This paper studies the stabilization problem of DC microgrids via distributed control that employs event-based strategy to reduce data communication. The considered DC microgrid is comprised of multiple-photovoltaic arrays connected each other via dc/dc converters. Each PV power nonlinear subsystem is represented by a T-S model. We propose an event-based control scheme. Based on a Lyapunov function with help of Wirtinger inequality, and combined with some convexification approaches of matrix inequality, some results on designing the event-based distributed controller will be derived in terms of LMIs. It will be shown that the desired controller uses fewer communication resources to guarantee stabilization of the DC microgrid and voltage tracking synchronization performance. A numerical simulation is finally utilized to validate the advantage of the proposed method.
Notations: n and n×m are the n-dimensional Euclidean space and n × m matrices, respectively. P > 0 means that P is a positive definite matrix; P −1 and P T denote the inverse and transpose of the matrix P. Sym{P} is P + P T . I n and 0 m×n are the n × n identity matrix and m × n zero matrix, respectively. The subscripts n and m × n will be deleted when their sizes are irrelevant or would be determined from the context. diag{· · ·} denotes a block-diagonal matrix. The notations · and denote the Euclidean vector norm and symmetric term, respectively. 
II. FUZZY MODELING OF DC MICROGRID
Consider a solar PV power system using a buck converter as shown in Fig.1 , its dynamic model can be represented by the following differential equations [5] ,
where v PV , φ L , and v 0 denotes PV array voltage, current of the inductance L, and voltage of the capacitance C 0 , respectively; R 0 , R L , and R M are resistances on the capacitance C 0 , on the inductance L, and on the power MOSFET, respectively; V D is the forward voltage of power diode; φ 0 is the measurable load current; u is duty ratio of the pulsewidthmodulated (PWM) signal to control the switching MOSFET. Let us define R Line and R Load (t) be the constant resistance on DC bus, and the variable power load, respectively. Before moving on, the following assumption is first made.
Assumption 1: The considered power load is variable, and satisfies that R Load (t) = R Load + R Load , where R Load and R Load denote a constant load and the time-varying one, respectively.
Based on the Kirchhoff's voltage law (KVL), it yields
VOLUME 6, 2018
Remark 2: Instead of a special PV system with constant power loads in [21] , this paper considers a generalized PV systems with variable power load. It is noted that indeed, the load cloud be varying at a low or fast rate in nature [22] . Thus, considering the variable power load is an important implementation in real-world microgrids.
This paper considers an DC microgrid with N solar PV arrays as depicted in Fig 2. Based on Kirchhoff's current law (KCL) of the networkand [23] , its dynamic model is given by
where
In this paper, one of the main objectives is to drive v 0(i) to the reference DC bus voltage
where the system parameters A i (t) , B i (t) ,Ā ij (t) , ω i (t) is given in Appendix A.
According to T-S fuzzy modeling method, the DC microgrid nonlinear system is represented by
where l ∈ L i := {1, 2, . . . , r i } , i ∈ N ; R l i deontes the l-th fuzzy inference rule; r i is the number of inference rules; F l φi (φ = 1, 2, 3, 4) is fuzzy set; x i (t) ∈ 3 and u i (t) ∈ 1 denote the system state and control input, respectively; 
,Ā ij (t) can be also described
φi as the inferred fuzzy set, and
as the normalized membership function, it yields that
for brevity. By fuzzy blending, the i-th global T-S fuzzy dynamic model is obtained bẏ
. Now, we further make the following assumption.
Assumption 3:
The samplers among all subsystems are synchronized clock-driven. Let h denote the upper bound of sample intervals, it yields
where h > 0. This paper considers the distributed state-feedback fuzzy controller using event-based strategy as below:
Similarly, the overall fuzzy controller is
For simplification, here we also denoteμ s i :=μ s i ẑ i (t k ) . Remark 4: It is noted that nonlinear dynamics of the j-th subsystem are appeared in interconnections, which may lead to the explosion of fuzzy rules when the number of subsystems is increased [24] . This paper uses some novel matrix transformations, the index term p in the i-th system will be eliminated, which leads to a significant reduction in the number of LMIs.
Remark 5: It is noted that in the proposed fuzzy controller, a linear controller gain K ij is considered. In that case, the premise variables derived from other subsystems in the i-th subsystem are no longer required for the proposed controller (10) . This declines the requirements for extra software and hardware.
Remark 6: Note that as K ij ≡ 0, i ∈ N , the distributed controller constructed in (10) degrades to the decentralized one that is largely used in [26] and [25] . It is noted that the distributed controller including the data from other subsystems can achieve better stabilization results when comparing with the decentralized one.
Here, we propose an event-based mechanism (EBM) in the sensor for the purpose on reducing communication resources. The EBM is specified as EBM: Both x i (t k ) and z i (t k ) are sent
where σ i ≥ 0 is a suitable design parameter.
To implement the proposed condition in (12) , an eventbased strategy can be characterized as:
For simplicity we define
Combined with (8)- (16), the closed-loop system is given aṡ
where C = 0 0 1 .
Remark 7:
Noting that premise variables of the distributed fuzzy controller in (10) undergo sampled-data and eventbased controls, hence the premise variable spaces in asynchronous form between z i (t) andẑ i (t k ) are more practical.
It has been shown in [27] and [28] , this unknown asynchronous condition tends to obtain a linear controller that degrades the stabilization performance.
T . Then, the stabilization and voltage tracking control problems are described as below: Given the DC microgrid fuzzy system in (3), and for a L 2 -gain performance level γ > 0, the purpose of this paper is to design an even-based distributed fuzzy controller (10) 
T (s)ω(s)ds, (18) where V (t 0 ) is the energy function of initial states.
III. STABLIZATION OF DC MICROGRD
Based on a Lyapunov functional with the help of Wirtinger's inequality, and combined with some inequality linearization techniques, we will present some theoretical results on stability analysis and controller design for the DC Microgrid with multiple-photovoltaic arrays in (3).
A. STABILITY ANALYSIS ON DC MICROGRID
To reduce the number of decision variables on the derived results, inspired by [29] , we consider the following Lyapunov functional:
with
where 0
Based on the proposed Lyapunov functional in (19) , the stability analysis on DC Microgrids (3) is first given as below:
Theorem 8: Consider the DC Microgrid with multiplephotovoltaic arrays in (3). Then, a distributed event-based fuzzy controller in the form (10) exists, and can guarantee the asymptotic stability of the closed-loop control system, and a performance index γ on voltage tracking synchronization, if there exist positive definite symmetric matrices
, i ∈ N , and positive scalar {h, γ , σ i }, such that for all i ∈ N , the following matrix inequalities hold:
Proof: Taking the derivative of V (t) yieldṡ
Define the multiplier matrix G i ∈ 13×3 , i ∈ N , and it follows from (17) that
Note that
wherex,ȳ ∈ n and scalar κ > 0. Define positive definite symmetric matrices H 1ij , H 2ij ∈ 3×3 , i ∈ N , and by the virtue of (27) , it has
and
In addition, it is easy to see from the event-based condition in (13) that
(31)
For t ∈ [t k , t k+1 ) we consider the following index:
Then, it follows from the inequality in (22) 
t). (34)
For t ∈ [t 0 , ∞) it is easy to see from (34) that the L 2 -gain tracking performance can be ensured. The proof is thus completed.
B. CONTROL SYNTHESIS ON DC MICROGRID
Note that the i-th interconnectionĀ ij µ j is involved in the nonlinear dynamics subject to other subsystems. It would give rise to the typical "rule-explosion" problem [24] , as the number of fuzzy subsystems becomes larger. Here, in order to reduce the fuzzy rules of the i-th subsystem derived from other subsystems, we use nice property in Lemma B1 (Appendix B), it yields
As disscussed in Remark 7, it generally obtains a linear controller instead of the fuzzy one when the asynchronous condition µ l i =μ l i is unknown. Here, similarly to the asynchronous relaxation technique in [30] , assume that µ l i −μ l i ≤ δ l i , where δ l i is a positive scalar. Then, an LMI-based condition for existence of a distributed eventbased controller that ensures the tracking synchronization performance in (18) can be summarized as below. Theorem 9: A distributed event-based fuzzy controller in the form of (10) can guarantee asymptotic stability of the closed-loop DC microgrids system (3) and a performance index γ on voltage tracking synchronization, if there exist positive definite symmetric matrices
, i ∈ N , and positive scalar h, γ , σ i , δ l i , such that for all {l, s} ∈ L i , i ∈ N , the following LMIs hold:
Furthermore, the event-based distributed fuzzy controller gains are given by
Proof: Based on the relation in (35), we have
Now, for matrix inequality linearization purpose we define
By substituting (42) into (41), and using Schur complement lemma, it yields the following matrix inequality
which implies (22) , and
From (36)- (39), the following is obtained
It is easy to see that G i , i ∈ N is nonsingular matrix. Note that
where X i = X T i > 0, which implies that
For linearization, we further define
By using a congruence transformation to (43) by i , and taking the relation in (47) and (48). After that, we extract the fuzzy membership functions, it yields 
where ls i is defined in (39). + X l i , the existing relaxation technique from [10] can be applied to (50). Thus, the LMI-based condition on (36)- (38) is derived. This completes the proof.
Remark 10: In order to cast the controller design condition into the form of LMIs, here we assign the multiplier matrix G i as G
However, we can also introduce the tuning scalar parameter ε i for reducing conservatism, and reassign G i as G
Remark 11:
It is easy to see from (38) that
This condition leads to synchronous premise variables between the fuzzy system (5) and controller (10) , when the scalar δ s i tends to zero. Otherwise, the results on Theorem 9 tends to be more conservative.
Remark 12: Theorem 9 implies that co-design consisting of the controller gains and upper bounds {σ i , h} can be realized simultaneously. Furthermore, this result presents a trade-off between communication reduction and voltage tracking synchronization.
For the case where the asynchronous premise variables between µ l i andμ l i is unknown, the corresponding result on event-based distributed linear controller design can be given as below.
Theorem 13: A distributed event-based fuzzy controller in the form (10) can guarantee the asymptotic stability of the closed-loop DC microgrids system (3) and a performance index γ on voltage tracking synchronization, if there exist positive definite symmetric matrices
, i ∈ N , and positive scalars h, γ , σ i , such that for all l ∈ L i , i ∈ N , the following LMIs hold:
Furthermore, the event-based distributed controller gains are given by
IV. SIMULATION EXAMPLES
Consider a DC microgrid consisted of three solar photovoltaic power subsystems. The dynamic model can be expressed in the form of (2). Here, the specific system parameters for DC microgrids are stated in Table I . [3] [4] [5] show that the system states tend to zero. Further assumed that ω(t) = sin(t) + 3, Fig. 6 shows the event-based condition for the closed-loop large-scale system. Then, under zero initial conditions, it can be observed from Fig. 7 that the voltage tracking synchronization performance is satisfied.
V. CONCLUSION
This paper studied the event-based distributed fuzzy control problem for DC microgrids with dc/dc converters. Based on a Lyapunov function with the help of Wirtinger inequality, and combined with some convexification approaches of matrix inequality, some result on designing the event-based distributed controller were derived in terms of LMIs. It has been shown that the desired controller uses fewer communication resources to guarantee stabilization of the DC microgrid and voltage tracking synchronization performance. A numerical simulation was finally use to verify the advantage of the proposed method. 
.
APPENDIX B
Lemma B1 [22] : For any vector X i ∈ n , the following Tchebyshev's inequality holds
